Introduction
============

Perfluorocarbons (PFC) that are used to improve gas exchange in diseased lungs with disturbed pulmonary surfactant system affect various cell types \[[@B1]-[@B4]\]. Thus, an effect on alveolar type II (ATII) cells and surfactant metabolism can be expected, data, however, are scarce and inconsistent. Some authors did not find an effect of PFC on pulmonary surfactant content \[[@B5]-[@B7]\]. Other studies suggested that PFC affect surfactant production, however, the effect depended on the type of PFC used \[[@B8],[@B9]\]. Steinhorn and co-workers showed an increased amount of pulmonary choline in PFC treated rabbits, suggesting an enhanced surfactant production during liquid ventilation \[[@B10]\]. According to data of our group, PFC might increase surfactant exocytosis in isolated ATII cells \[[@B11]\], however, not in liquid ventilated rats \[[@B12]\].

Whereas most studies investigated the effect on spontaneous surfactant exocytosis, data are missing that quantify the effect of PFC on stimulated exocytosis in isolated type II cells. Surfactant exocytosis can be stimulated by different substances. Adenosintriphosphat (ATP) is a potent stimulant of surfactant exocytosis in vitro. ATP activates protein kinase C (PKC) and increases intracellular Ca^2+^-concentration. Phorbol 12-myristate 13-acetate (PMA) passes cellular membranes and activates intracellular PKC. Ionomycin binds Ca^2+^in the extracellular space, diffuses into the cell where the bound Ca^2+^is released, leading to an increase of intracellular Ca^2+^concentration \[[@B13],[@B14]\].

Interaction of PFC with cellular processes seem to depend on vapor pressure, an effect that is most likely mediated by a stabilization of cellular membranes \[[@B15]\]. Surfactant exocytosis requires a fusion of lamellar bodies with the cellular membrane \[[@B13],[@B16]\]. Thus, we hypothesized that PFC with different vapor pressures affect surfactant exocytosis. To test the hypothesis, a recently developed assay for exocytosis in ATII cells was used \[[@B17]\]. Isolated cells were exposed to two PFC with different vapor pressures and surfactant exocytosis was stimulated by ATP, PMA or Ionomycin. To further understand the effect of PFC, the impact of PFC on cellular membrane properties was studied.

Materials and methods
=====================

ATII cells and reagents
-----------------------

Experiments were performed using freshly isolated alveolar type II (ATII) cells. Animal care and use were approved by the Institutional Animal Care and Use Committee of the Innsbruck Medical University (ZI A 07/3456). The cells were isolated from male Sprague-Dawley rats (180-200 g) according to methods of Dobbs et al. \[[@B1],[@B18]\] with minor modifications \[[@B13]\]. Isolated cells were seeded in 200 μl of DMEM at high density (10^6^cells/ml) in 96-well tissue culture plates with flat bottoms (Sarstedt, Austria) for multiplate reader measurements. Cells were incubated in DMEM with 5 mM glucose, supplemented with 24 mM NaHCO~3~and 10% FCS in a humidified atmosphere with 5% CO~2~at 37°C. After 48 hours, medium was removed from the cells by washing twice with serum-free DMEM.

For fluorescence anisotropy measurements A549 cells were cultured in F-12 Ham\'s medium (Invitrogen, Austria) supplemented with 10% heat-inactivated FBS, 100 U/ml of penicillin, and 100 μg/ml streptomycin at 37°C in a humidified incubator with 5% CO~2~. A549 cells were obtained from ATCC (American Tissue Culture Collection, USA).

Ringer solution contained, in mM: 140 NaCl, 5 KCl, 1 MgCl~2~, 2 CaCl~2~, 5 glucose, and 10 HEPES (pH 7.4 at 25°C). LysoTracker Green DND-26 (LTG) was purchased from Molecular Probes (Austria), Brilliant Black (BB) from MP Biomedicals (Germany). All other chemicals were obtained from Sigma-Aldrich (Austria). All experiments were performed at room temperature.

Perfluorocarbons
----------------

Two different PFC were obtained from F2 chemicals (Lancashire, UK). They differ with respect to vapor pressure (Table [1](#T1){ref-type="table"}). Whereas Perfluorodecalin (PFD) has a low vapor pressure, PP2 has a high one.

###### 

Physicochemical properties of PFC were obtained from F2 chemicals

  -----------------------------------------------------------------------------------------
                         Perfluorodecalin (PFD)   Flutec™ PP2; Perfluoromethylcyclohexan\
                                                  (PP2)
  ---------------------- ------------------------ -----------------------------------------
  Formula                C~10~F~18~               C~7~F~14~

                                                  

  Vapor pressure, mbar   6.25                     141

                                                  

  Viscosity, mm^2^/s     2.61                     0.88

                                                  

  Density, kg/l          1.92                     1.79

                                                  

  Boiling point (°C)     142                      76
  -----------------------------------------------------------------------------------------

Since PFC are water insoluble and thus cannot been used for cellular incubation, PFC-in-DMEM suspension were used for subsequent experiments \[[@B19]\]: DMEM was mixed with PFC at a ratio (v/v) of 9:1. The mixture was exposed to ultrasonic energy for 10 min in a transonic analogous ultrasonic unit (35/kHz, 70 HF peak/W ELMA Singen, Germany). After mixing, two distinct liquid phases can be separated. The supernatant representing the PFC-in-DMEM suspension and the lower liquid phase is still consist PFC.

To test stability of suspensions of PFC in DMEM, they were pipetted onto glass cover slips. Images were taken with a 100× Plan Apochromat DIC, NA 1.4, (Zeiss) and analyzed using ImageJ. Number of droplets and size distribution were measured over a period of 6 hours. No differences in droplet size or number were found suggesting a relatively high stability of PFC-in-DMEM suspension (data not shown).

Surfactant exocytosis assay
---------------------------

To study the effects of PFC on surfactant exocytosis, a fluorescence based microplate assay for exocytosis in adherent ATII cells was used as recently described in detail \[[@B17]\]. In short, isolated and adherent cells were incubated with DMEM and 10% PFC for 2, 4 and 6 hours, respectively. After incubation with PFC wells were rinsed twice with Ringer solution and cells were incubated with 500 nM LTG at 37°C in DMEM without FCS. After 30 minutes, the wells were rinsed twice with Ringer solution to remove floating cells and remaining dye. Thereafter, LTG is exclusively located within the Lamellar Bodies (LBs). The wells were finally filled with 200 μl of the Ringer solution containing BB at a concentration of 2 mg/ml.

To estimate exocytosis, the level of intracellular LTG fluorescence was measured by a microplate reader (GENios Plus; Tecan, Austria). Briefly, the microplate reader collects the emitted light from LTG-loaded cells. This signal correlates with the amount of intracellular LBs, and declines rapidly when the cells activate these vesicles to release their contents, including the water soluble LTG, into the extracellular space. An increased rate of vesicle fusion results in a time-dependent deviation of the measured signals between treated and untreated cells. Superimposed to all measurements is an almost linear fall in background fluorescence which is due to a combination of constitutive (= spontaneous) exocytosis, photobleaching, quenching effects and others.

Cells were excited by 3 consecutive light flashes directed through a 485-nm band pass filter onto the bottom of the culture plates. Three flashes were used as this mode of measurement provided the best results regarding signal stability and sample throughput. Emission light was collected by a 535-nm band pass filter from the bottom of the plates and integrated over 2 ms for each well. Fluorescence values were obtained every 3 min for a period of 45 min. The reduction in fluorescence denotes the rate of exocytosis (Figure [1](#F1){ref-type="fig"}).

![**Ionomycin effect on the rate of vesicle fusion in ATII cells**. Relative fluorescence units (RFU) between single wells, at time 0, were converted to 100%. Carrier alone (controls) and Ionomycin in different concentrations were applied thereafter, between 1^st^and 2^nd^data point. Enlarged symbols at the end of the recordings indicate the endpoints taken for all subsequent analyses.](1465-9921-11-52-1){#F1}

To study the effect of PFC on stimulated surfactant exocytosis cells were treated with either ATP, PMA or Ionomycin. In short, 150 μM of ATP, 1.5 μM of PMA or 1.5, 15, 150 and 1500 nM of Ionomycin were added to Ringer solution containing BB per well.

The Ionomycin-induced surfactant exocytosis has not been tested with the present assay previously. As shown in Figure [1](#F1){ref-type="fig"}, Ionomycin had a dose dependent effect. In cells that were stimulated with 15 nM Ionomycin surfactant exocytosis did not differ from non-induced exocytosis. After addition of 150 nM and 1500 nM Ionomycin surfactant exocytosis was 8% (p = 0.001) and 15% (p = 0.0001) higher than the spontaneous rate, respectively.

Test for PFC effects on plasma membrane properties
--------------------------------------------------

PFC-induced alterations in general properties of the cell membrane were studied in an assay using FM 1-43. This styryl dye specifically inserts into the outer leaflet of cell membranes where its fluorescence emission is considerably enhanced. Therefore, FM 1-43 is one of the preferred dyes for stable cell membrane labeling \[[@B20]\]. However, despite its cationic head groups at neutral pH, a very slow permeation of FM 1-43 into cells occurs \[[@B20],[@B21]\], which may be associated with alterations in the physical and biochemical membrane properties or drug-induced membrane perturbations.

The measurements were performed by adding 10 μM of FM 1-43 and 1 mg/ml BB to each well. Since FM 1-43 has a low fluorescence in water, and its binding to lipid-water interfaces is reversible, stable and specific signals from the cell membranes necessitate the continuous presence of this dye in the cell supernatants, and of BB (or any other quencher) to block fluorescence of free dye molecules in suspension. Immediately after addition of FM 1-43 and BB, the plate was inserted into the plate reader and a kinetic cycle started. Measuring conditions were: ~exc~= 485 nm, ~em~= 595 nm, bottom reading mode, T = 37°C, measuring interval every 10 min for in total 8 hrs. The recording conditions were chosen to follow the initial rates as well as the steady-states of fluorescence changes. Feasibility and sensitivity of the assay was validated by using the pore-forming drug β-Escin \[[@B22]\]; Inset in Figure [2](#F2){ref-type="fig"}: The strong, dose- and time-dependent rise in fluorescence is due to the abundance of intracellular lipid/water-interfaces, into which FM 1-43 can intercalate, and an increase in drug-induced membrane perturbations.

![**Kinetics of FM 1-43 uptake into cells**. Delta was expressed as relative fluorescence units (RFUs) and represents the rate of FM 1-43 uptake used for the values shown in Table 2. Images: Fluorescence microscopy demonstrates intracellular FM 1-43 uptake by ATII cells after 30 min and 3 hours incubation. Note that PFC droplets are not present. Inset: Rate of increase intracellular fluorescence intensity of FM 1-43 after concentration-dependent ATII cell incubation with β-Escin. These experiments demonstrate the sensitivity of this assay with respect to membrane perturbations. Data of FM 1-43 cell uptake were expressed as relative fluorescence units (RFUs).](1465-9921-11-52-2){#F2}
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PFC effects on cells and cellular membranes

                                PFD            PP2
  ----------------------------- -------------- --------------
  Rate of FM 1-43 uptake        124 ± 17%\*    121 ± 7%\*
                                               
  Total FM 1-43 uptake          128 ± 10%\*    123 ± 14%\*
                                               
  Total LY uptake               94 ± 15%       105 ± 16%
                                               
  Trypan Blue                   101 ± 6%       106 ± 6%
                                               
  DPH fluorescence anisotropy   0.105 ± 0.03   0.102 ± 0.03

Effects of PFC after 6 hours incubation on permeability properties (rate and total uptake of FM 1-43), endocytosis (total LY uptake), vitality (Trypan Blue) and membrane fluidity (DPH fluorescence anisotropy). Shown are relative data, mean and standard deviation, of PFC incubated ATII cells vs. cells without PFC incubation (= 100%; n = 3 independent rat preparations with 5 samples each; \*p \< 0.05). Anisotropy measurements were performed with A549 cells and presented are absolute data (*r*~ss~untreated control cells = 0.119 ± 0.03; \[[@B24]\].

Further tests for changes in membrane properties were performed measuring fluorescence anisotropy \[[@B23]\] with the membrane probe 1,6-diphenyl-1,3,5-hexatriene (DPH); \[[@B24]\] on a Spex spectrofluorimeter (SPEX Fluorolog 2 spectrofluorimeter (CM-1, Edison, NJ, USA) equipped for polarization measurements). Fluorescence polarization depends on the molecular mobility of a fluorophore in solution. The higher it is, the lower will be the polarization (anisotropy) of the emitted light. Thus, this technique has been widely used to measure the fluidity of biological membranes.

After 6 hours PFC incubation suspensions of A549 cells, harvested by trypsinization from petri-dishes, were loaded for 5 min with 10 μM DPH, followed by a washing step before measurement in quartz cuvettes. ATII cells turned out to accumulate DPH primarily in LBs, outranging the signal from the plasma membrane manifold. Therefore, we used A549 cells which do not contain LBs despite of being of type II cell origin. Measurement conditions on the spectrofluorimeter were: ~exc~= 360 nm, ~em~= 430 nm, T = ambient, 5 measurements/sample, n = 6. Data were calculated according to the formula given by Sousa et al. \[[@B24]\].

Measurements of endocytosis
---------------------------

For measurements of endocytosis we used the fluid phase marker Lucifer Yellow (LY). LY was applied at 4 mg/ml in FCS-free DMEM at 37°C for the indicated periods of time. Prior to measurements, the wells were washed 3 times in Ringer solution, and BB (2 mg/ml) was added to quench any remaining extracellular LY fluorescence. The plate was inserted into the plate reader and end-point measurements were taken at ~exc~= 450 nm and ~em~= 535 nm in the bottom reading mode. Specificity of LY staining of cells was verified by fluorescence microscopy (not shown).

Cell viability
--------------

The amount of viable cells was measured by the trypan blue exclusion method. Cells were harvested with trypsin-EDTA. After neutralization of trypsin-EDTA with DMEM containing 10% FCS, cell number and viability were examined by light microscopy.

Statistics
----------

Fluorescence intensities from individual wells were background corrected by subtracting the signals obtained from unlabeled but otherwise identically treated wells. To avoid miss-calculations due to different loadings of cells and to compensate for differences in cell densities, data were expressed as normalized values (100% RFU). The mean change in signal intensity of all control cells during 45 min was calculated and taken as 100% exocytosis (Figure [3](#F3){ref-type="fig"}). Thereafter, the difference from this mean change in signal intensity was calculated for each individual well (included the treated but also the control cells). Thus, control values show a statistical distribution around 100% e.g. Figures [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}.

![**Explanation of data analysis for exocytosis measurements**. Exocytosis of control cells (PFC-free) was calculated as the % decline of RFU 45 min after the respective stimulation (arrows). Values from single experiments were then normalized by their average decline. Thus, control values in Figures 4, 5, 6 and 7 are shown as 100% ± SD. Data (RFU-decline) from PFD treated cells were normalized to the average decline of those controls. Data were compared by t-test in which the statistical significance was taken as p \< 0.05.](1465-9921-11-52-3){#F3}

![**Effects of PFC on spontaneous exocytosis**. Shown are changes on time point 45 (min) in LTG fluorescence after 6 hours PFC incubation (mean and SD of n = 3 independent rat preparations with 3 samples each). Data were compared by *t*-test in which the statistical significance was taken as *p*\< 0.05.](1465-9921-11-52-4){#F4}

![**Effects of PFC on ATP stimulated (150 μM) exocytosis**. Shown are ATP-evoked changes on time point 45 (min) in LTG fluorescence after 6 hours PFC incubation (mean and SD of n = 3 independent rat preparations with 3 samples each). Data were compared by *t*-test in which the statistical significance was taken as *p*\< 0.05.](1465-9921-11-52-5){#F5}

![**Effects of PFC on PMA stimulated (1.5 μM) exocytosis**. Shown are PMA-evoked changes on time point 45 (min) in LTG fluorescence after 6 hours PFC incubation (mean and SD of n = 3 independent rat preparations with 3 samples each). Data were compared by *t*-test in which the statistical significance was taken as *p*\< 0.05.](1465-9921-11-52-6){#F6}

![**Effects of PFC on Ionomycin stimulated (1.5 μM) exocytosis**. Shown are Ionomycin-evoked changes on time point 45 (min) in LTG fluorescence after 6 hours PFC incubation (mean and SD of n = 3 independent rat preparations with 3 samples each). Data were compared by *t*-test in which the statistical significance was taken as *p*\< 0.05.](1465-9921-11-52-7){#F7}

For each experimental set, data from at least 3 independent animal preparations were used to calculate the mean ± SD. Data were compared by *t*-test, a p value of \< 0.05 was considered as statistically significant.

Results
=======

Effect of PFC on spontaneous surfactant exocytosis
--------------------------------------------------

The intracellular amount of LTG was significantly higher after 6 hours of PFC incubation when compared with untreated control cells. When compared with control cells, the surfactant exocytosis was decreased in PFD and PP2 treated cells. Thus, PFC incubation was associated with a significant reduction in spontaneous surfactant exocytosis (Figure [4](#F4){ref-type="fig"}).

Effect of PFC on stimulated surfactant exocytosis
-------------------------------------------------

To investigate whether PFC affect stimulated surfactant exocytosis, we used ATP, PMA, or Ionomycin to induce surfactant exocytosis.

After ATP stimulation, surfactant exocytosis was increased by \~7%, similar to a previous report \[[@B17]\]. PFD incubation did not affect the ATP-stimulated rate of exocytosis, whereas PP2 incubation was associated with a significant increase in ATP-stimulated exocytosis (Figure [5](#F5){ref-type="fig"}). PMA incubation increased surfactant exocytosis by \~11% over controls \[[@B17]\]. PFD incubation did not affect the PMA-stimulated exocytosis, whereas PP2 incubation was associated with a small but significant increase in PMA-stimulated exocytosis (Figure [6](#F6){ref-type="fig"}).

Stimulation of ATII cells with 1500 nM Ionomycin increases surfactant exocytosis by 14% (Fig. [1](#F1){ref-type="fig"}). PFD and PP2 incubation did prevent the Ionomycin-stimulated exocytosis (Figure [7](#F7){ref-type="fig"}).

Morphological analysis
----------------------

PFC are known to interact with cellular membranes. Thus, it was tested, whether membrane properties or integrity are affected by PFC, using various approaches.

To exclude an effect of PFC on cellular integrity, PFC incubated cells were analyzed morphologically, using conventional and differential interference contrast microscopy. No noticeable difference with regard to plasma membrane, cell morphology, size or perinuclear location of intracellular LBs, and presence of exocytosed surfactant could be detected between these groups (Figure [8](#F8){ref-type="fig"}).

![**ATII cells imaged in parallel by fluorescence (upper panel) and DIC (lower panel) in the presence or absence (ctrl) of PFC**. Green fluorescence (LTG) denotes intracellular LBs, and shows a clear correlation with DIC. FM 1-43 (yellow, 1 μM) heavily stains exocytosed (arrowhead) or extruded surfactant (black asterisk, signal out of focus, no correlation to vesicles), weakly the plasma membrane (arrow), and also variously sized droplets of PFC (white asterisks). Note that brief exposure with FM 1-43 does not stain intracellular structures, as compared to Figure 2. A differentiation between surfactant and PFC is here difficult, but can be made according to the differential appearance in DIC (PFC = indented hollow structures, white asterisk; compare with arrowhead), or by the difference in emission intensities (Inset: at largely reduced exposure times, surfactant appears much brighter than PFC, small arrow). Droplets of PFC may be distant from the cells (red asterisk), or in intimated contact with the plasma membrane (white asterisk). No noticeable difference with regard to plasma membrane, cell morphology, size or perinuclear location of intracellular LBs, and presence of exocytosed surfactant could be detected between these groups.](1465-9921-11-52-8){#F8}

Differential interference contrast imaging revealed that variously sized droplets of PFC remain close to the cells (on glass cover slips). According to microscopic analysis it seem as if the droplets were not inside the cells, however, an uptake of PFC droplets cannot be excluded (white and red asterisks in Figure [8](#F8){ref-type="fig"}). Droplets were morphologically distinct from LBs as they appeared homogeneous, larger and endowed by regular borders when viewed by bright field illumination (not shown).

Membrane permeability
---------------------

The reduction in spontaneous and Ionomycin-induced surfactant exocytosis by PFC could be explained by a PFC-induced decrease in membrane permeability. To study the effect of PFC on membrane permeability, the uptake of the styryl dye FM 1-43 into ATII-cells was measured (Inset Figure [2](#F2){ref-type="fig"}). Incubation with PFD and PP2 was associated with a faster increase in FM 1-43 intensity than in not-PFC incubated cells.

In principle, this could be explained by remaining PFC droplets near the cells, as the images in Figure [8](#F8){ref-type="fig"} would suggest. However, and in contrast to the glass surfaces used for microscopy, washout of PFC from plastic wells was always complete. Furthermore, even in the case PFC would remain within the wells despite washout, their staining behaviour is entirely different than those of cells: droplets of PFC stained with FM 1-43 very rapidly, with a time constant (τ) of 10 min (not shown), in contrast to several hours as seen in Figure [8](#F8){ref-type="fig"}.

Thus, it seems as if PFC increase the membrane permeability of the cells. However, the higher endpoints of FM 1-43 fluorescence in Figure [2](#F2){ref-type="fig"} could also be explained by an increase in endocytosis, leading to an additional uptake of dye via this route. To exclude this, experiments were performed using LY as fluid phase marker of endocytosis. A time-dependent increase in LY fluorescence within each tested group was found, lasting for several hours after application (data not shown). Neither the increase in intracellular LY concentration nor the final concentration of intracellular LY was affected by PFC incubation (Table [2](#T2){ref-type="table"}), suggesting that PFC do not affect endocytosis.

Membrane fluidity and cell viability
------------------------------------

Surfactant exocytosis requires a fusion of lamellar bodies with the cellular membrane. The process is potentially affected by a low fluidity of the cellular membrane. Therefore, the effect of PFC on membrane fluidity was measured. Fluorescence anisotropy (*r*~*ss*~) in PFC incubated cells was similar to untreated control cells (PFD = 0.105 ± 0.03; PP2 = 0.102 ± 0.03; untreated control cells = 0.119 ± 0.03). The data suggest that neither PFC with the low nor with high vapor pressure affect membrane fluidity.

Finally, the effect of PFC on surfactant exocytosis could be due to an effect on cellular viability. According to the Trypan Blue exclusion tests none of the PFC did affect the viability (Table [2](#T2){ref-type="table"}).

Discussion
==========

The present study was performed to test whether PFC with different vapor pressures affect spontaneous and induced surfactant exocytosis in primary cultures of ATII cells. According to the present data, PFC inhibited spontaneous exocytosis, an effect that is independent from vapor pressure. Secondly, PFC with low vapor pressure reduced Ionomycin-induced exocytosis, but did not alter PMA- or ATP-induced exocytosis. PFC with high vapor pressure increased ATP-induced, but decreased Ionomycin-induced surfactant exocytosis. Finally, both PFC slightly increased the permeability of cellular membrane of ATII cells, but did not alter the membrane fluidity, endocytosis or cell viability.

Incubation with PFC was associated with a higher intracellular LTG concentration. Because LTG incubation was performed in the absence of PFC (= after washout), any direct effect of PFC on dye loading or dye fluorescence can be excluded. A most likely explanation for the higher fluorescence in the PFC-exposed groups is a larger number of vesicles that were present after this 6 hrs period due to a PFC-induced reduced rate in spontaneous exocytosis. This assumption is supported by results of the dynamic measurements of spontaneous surfactant exocytosis. These findings would partially be in contrast to previously published data by our group showing an increase in surfactant exocytosis after PFC incubation \[[@B11]\]. However, the increased surfactant exocytosis was found after short time exposure whereas an increase in surfactant synthesis was found after long time exposure. Thus, the higher amount of LTG could be explained by an increase in vesicle number together with a decrease in spontaneous exocytosis. Alternatively, an increase in vesicle volume due to PFC as reported by Van Eden \[[@B25]\] has not been found in our cells (Figure [8](#F8){ref-type="fig"}).

In the present study, most results were found after 6 hrs of PFC exposure. At shorter exposure times (2 and 4 hrs, respectively), no effects were found (data not shown). Thus, it seems as if a certain contact time of PFC with cells is required to show effects. For ATP and PMA treated cells, the stimulatory effect of PFC may even not be accomplished to a full extent after this time. These data are in accordance with work from other groups \[[@B15],[@B26]\]. Obraztsov et al. found a time dependent uptake of PFC into cellular membranes with maximum uptake after more than 6 hours of incubation \[[@B15]\]. Furthermore, in most of the *in vivo*investigations a PFC effect was found after several hours of PFC incubation. Nevertheless, some other data suggest a PFC effect within a few minutes \[[@B27]\] or hours \[[@B11]\]. Fernandez and co-workers found non-specific effects on cellular activation within 5 minutes of incubation \[[@B27]\]. Thus, it seems as if two different PFC effects can be distinguished: a rapid effect that acts within minutes, and a more prolonged effect that requires several hours of incubation. Whereas PFC stimulated the ATP and PMA response, they decreased the Ionomycin effect after 6 hrs PFC-incubation. The explanation thereof is difficult, in particular because exocytosis is a complex process, comprising a number of different physical (e.g. vesicle translocation, disassembly of the cortical actin clamp, diffusion processes), chemical (e.g. receptor/agonist interactions, lipid merger and compartment mixing, SNARE interactions) and enzymatic (e.g. activation of PLC, PKC, CaCM-PK and subsequent phosphorylation reactions) steps, and up to now, the limiting factors are still not well defined \[[@B22],[@B28]-[@B30]\]. A further complication arises with the use of PFC: Due to their inert chemical nature, they cannot be labeled, and mapping of their intracellular distribution, compartmentalization, or interaction with specific intracellular targets is almost impossible.

However, the prime target of PFC is undoubtedly the plasma membrane, which is the structure of the cell where the final and decisive steps of exocytosis occur. Chemical alterations or changes in the physical state of the plasma membrane may, therefore, entail profound effects on exocytosis. To give only one example, depletion of cholesterol in the plasma membrane of ATII cells, which disrupts SNARE association with lipid rafts, inhibited exocytosis significantly \[[@B31]\]. Obraztsov et al. described an uptake of PFC into cellular membranes that was associated with a stabilization of the cellular membrane \[[@B15]\]. In an attempt to elucidate such possible PFC-effects on the plasma membrane, a multiwell assay system was developed to test for changes in membrane permeability. The test is based on the translocation of the fluorophore FM 1-43 from the outer leaflet of the plasma membrane, into which it rapidly inserts, to internal sites. If endocytosis as a transport mechanism can be ruled out, which we did by using Lucifer Yellow, the rate of internalization depends on the fluidity/viscosity of the cell membrane. Changes in fluidity/viscosity, at constant temperature, change the thermal fluctuations and molecular motions of membrane lipids according to standard thermodynamic theories \[[@B32]\]. This, in turn, can be measured indirectly by the permeation properties of amphiphatic molecules like FM 1-43 and others \[[@B33]\] for which strong diffusional restrictions exist. Our results demonstrated an increased rate of FM 1-43 entry into PFC-treated cells. Since it was excluded that PFC change the rate of endocytosis, or the plasma membrane integrity (by the Trypan Blue exclusion test), we conclude that the increased rate of FM 1-43 reflects membrane perturbations due to the incorporation of PFC molecules. The increase of permeability does not explain the reduced spontaneous surfactant exocytosis. Several reports exist, though with some conflicting conclusions, that plasma membrane fluidity modulates exocytosis in various cells. Benzyl alcohol, for example, increases membrane fluidity and increases exocytosis in some, but not all cells, whereas a concomitant inhibition on endocytosis was noted \[[@B34]\]. Since PFC were also internalized by ATII cells \[[@B11]\] stability of cellular membranes and intracellular organelles could be affected. Obraztsov et al. \[[@B15]\] suggest an increased membrane stability due to PFC. The increase in membrane stability could lead to reduced fusion of LBs with plasma membrane and could thus explain reduced surfactant exocytosis.

Increase of FM 1-43 entry into cells was not reflected by a change in membrane fluidity of PFC treated cells as measured by fluorescence anisotropy. This discrepancy may indicate an increase in permeability independent of fluidity: by a change in phospholipid packing, by a change in lipid composition, or by a change in the lipid compression state. It also has to be considered that anisotropy measurements on cell suspensions are *per se*quite insensitive to small changes in fluidity. Although the mean values of PFC treated cells were lower than controls (indicating higher fluidity; Table [2](#T2){ref-type="table"}), even 6 repetitions did not lead to a significant difference. However, this might indicate a higher sensitivity of the FM 1-43 method than anisotropy measurements and/or more appropriate experimental conditions used in the former method (adherent ATII cells and 37°C).

Surfactant exocytosis *in vivo*occurs constitutively, and is additionally activated by a number of different physical and chemical factors. Of the stimuli which are now considered as the two most physiological ones (stretch of the alveolar epithelium and paracrine action of ATP on P2Y~2~receptors), only ATP can be tested without considerable technical interventions. Others, like the tumor promoter PMA, are non-physiological, but frequently used as this substance freely passes cellular membranes and directly activates PKC. Ionomycin is a research tool to model calcium-triggered exocytosis because the prime effect of this ionophor is a specific and pronounced increase in the cytosolic calcium concentration.

The inhibition of Ionomycin-induced exocytosis is difficult to explain. The two most obvious explanations, a partial depletion of intracellular Ca^2+^stores, and/or a diminished diffusion of Ionomycin to these internal stores due to PFC, are not likely. If the Ca^2+^stores would be depleted, then also the ATP response should be diminished, which was not the case, and if diffusion of Ionomycin is reduced, than this should also apply for PMA, which was obviously also not the case. Thus, we do not have a conclusive explanation why the PFC effect is different in ATP/PMA and Ionomycin treated cells.

In the present study, ATP- and PMA-induced surfactant exocytosis was significantly increased by incubation with PFC with highest vapor pressure. In contrast, the inhibitory effect on Ionomycin-induced exocytosis was most prominent in PFD, the PFC with low vapor pressure. Obraztsov et al. showed that the membrane stabilizing effect of PFC is most prominent in PFC with the lowest lipid solubility \[[@B15]\]. Thus, it could be speculated, that the reduced exocytosis is due to the PFC incorporation of PFC with low vapor pressure into the cellular membrane and inhibited depletion of intracellular Ca^2+^stores.

Cellular experiments with PFC are always very difficult due to the unique properties of PFC. A potential source of variability could be the PFC-suspension itself: Due to the poor miscibility and rapid phase separation between medium/PFC during preparation of the suspensions, the effective concentration of PFC may differ considerably from the initially applied 10%. By analyzing the PFC suspensions, we found that the size distribution of PFC-droplets is considerable, but not different between the PFC used. Furthermore, the total amount of droplets did not differ between the PFC and were stable over time, demonstrating consistent and comparable measurement conditions.

In summary, the present study supports the assumption that PFC interact with cellular membranes, an effect that requires several hours of incubation and leads to a slight increase in membrane permeability that in turn alters the rate of spontaneous and stimulated exocytosis.
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